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ABSTRACT: A powerful tool to study the mechanism of
reactions in solutions or enzymes is to perform the ab initio
quantum mechanical/molecular mechanical (QM/MM) molecular
dynamics (MD) simulations. However, the computational cost is
too high due to the explicit electronic structure calculations at
every time step of the simulation. A neural network (NN) method
can accelerate the QM/MM-MD simulations, but it has long been
a problem to accurately describe the QM/MM electrostatic
coupling by NN in the electrostatic embedding (EE) scheme. In
this work, we developed a new method to accelerate QM/MM
calculations in the mechanic embedding (ME) scheme. The
potentials and partial point charges of QM atoms are first learned
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in vacuo by the embedded atom neural networks (EANN) approach. MD simulations are then performed on this EANN/MM

potential energy surface (PES) to obtain free energy (FE) profiles

for reactions, in which the QM/MM electrostatic coupling is

treated in the mechanic embedding (ME) scheme. Finally, a weighted thermodynamic perturbation (WTP) corrects the FE profiles
in the ME scheme to the EE scheme. For two reactions in water and one in methanol, our simulations reproduced the B3LYP/MM
free energy profiles within 0.5 kcal/mol with a speed-up of 30—60-fold. The results show that the strategy of combining EANN
potential in the ME scheme with the wTP correction is efficient and reliable for chemical reaction simulations in liquid. Another
advantage of our method is that the QM PES is independent of the MM subsystem, so it can be applied to various MM
environments as demonstrated by an Sy2 reaction studied in water and methanol individually, which used the same EANN PES. The
free energy profiles are in excellent accordance with the results obtained from B3LYP/MM-MD simulations. In future, this method

will be applied to the reactions of enzymes and their variants.

1. INTRODUCTION

Accurately understanding and controlling the chemical
reaction on the atomic-scale is one fundamental goal of
theoretical chemistry. Most reactions happen in solutions or
enzymes, and their reaction mechanisms are influenced by the
environment. However, it is a challenging task to determine
their mechanism directly and accurately by computational
chemistry due to the large number of atoms. Furthermore, the
huge size of the conformational sampling space reduces the
significance of single stationary points markedly, compared
with a “small-molecule” reaction.' > To reliably simulate liquid
or enzyme reactions on the atomic level, two key requirements
should be met: (i) a reasonably accurate potential energy
surface (PES) and (ii) sufficient samplings on the complex
energy landscape.' ™ One most attractive approach to satisfy
both tasks is to combine ab initio (ai) quantum mechanical/
molecular mechanical (QM/MM) potential*~” with molecular
dynamics simulation (MD) or Monte Carlo simulation (MC)
sampling configuration space to get the free energy sur-
face,'>'°7'* which determines the relative stability of
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different structures and the rate of chemical reactions.
However, ai-QM/MM-MD or MC samplings require explicit
electronic structure calculations at every step, so the large
computational cost limits the system size to dozens of atoms
and the MD simulation length to a few tens of picoseconds or
an equivalent number of configurations in the MC
simulation. "’

One practice solution to this demanding computational cost
is to reduce the number of required direct ab initio QM
samplings while estimating the free energy curves along the
reaction path. Incorporating the machine learning (ML)
techniques with QM potential is a major family of approaches
to accelerate the QM/MM-MD simulations, in which the QM
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potential and forces are constructed by machine learning in
advance, and then the QM/MM-MD simulations are
performed on the predicted PES with a computational speed
comparable to molecular mechanics."”'> In addition to the
pure machine learning of properties, A-machine learning is an
alternative approach, in which the differences between high-
level (density functional theory, for example) and low-level
quantum chemistry (semiempirical QM in general) values are
trained.'*'*™'” At each step of MD simulations, the low-level
energies and forces are calculated and then corrected to high-
level based on the functions of energy difference in machine
learning.

One challenge in the QM machine-learned (QM-ML)
potential is how to learn QM energies and forces efficiently
and accurately. Among various machine learning techniques,
artificial neural networks (NN)*°~** provide a class of flexible
functions for constructing mathematical potentials, which have
received more attention compared to others so far. The NN
was first used to construct the PES of small molecule systems
with only a few atoms.””**~** For high-dimensional systems,
most ML potentials are based on the concept of atomic
decomposition of total energy, which is computed as the sum
over the individual atomic energy contribution with the
concept of nearsightedness.'”~'” Later in 2007, Behler and
Parrinello employed a set of atomic centered symmetry
functions as the input of atomistic neural network,**™>'
which effectively preserves the rotational, transitional, and
permutational symmetry of the system. Very recently, Jiang
and coworkers have developed an embedded atom neural
networks (EANN) approach with Gaussian-type orbitals based
on a density vector as the input nodes for each atom, which
can describe big molecules or periodic systems with much
fewer parameters and training data.”>**

Another problem in the QM-ML potential is how to
accurately describe the electrostatic coupling between QM and
MM subsystems, which is essential for a realistic modeling of
liquid or enzyme reactions. The QM/MM electrostatic
interactions can be handled at different levels of sophistication
by mechanical, electronic, or polarized embedding
schemes."””**> The mechanical embedding (ME) approach
omits the polarization between QM and MM regions at all,
which fits the QM electron densities in vacuo to point charges,
and describes the electrostatic coupling by classical electro-
static interactions. In the electronic embedding (EE) scheme,
the QM system is polarized by the MM charges, which are
treated as one-electron terms in the effective Hamiltonian, but
the MM system is not polarized. The polarized embedding
(PE) is the most accurate approach, which allows both the QM
and MM systems to be simultaneously polarized, but it
requires a polarizable MM potential and a QM program
including the MM polarizabilities. Therefore, electrostatic
embedding is recommended for general use, but it is very
challenging to construct QM PES in the EE scheme since the
electrostatic coupling with the MM environment has to be
included in the QM-ML model. Adding thousands of MM
atoms directly to the ML descriptors will increase the number
of inputs for the NN models dramatically and lead to
convergence and affordability problem. One solution is to
include the QM charges or MM electrostatic potentials at the
QM grids as an element type in the neural network when
constructs the PES.">™"” The other one is to only consider the
nearby MM atoms in the description of the ML model.'®"
However, there are still dozens to hundreds of additional input
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nodes besides the QM degrees. In addition, the PES
constructed in this way depends on the MM environment
and always requires semiempirical QM/MM MD simulations
in advance to collect configurations for NN training.

Apart from the QM-ML model, another powerful method to
speed up the QM/MM MD simulations is a dual-Hamiltonian
method, in which the free energy profile sampled on a lower-
level Hamiltonian is corrected to a higher-level of theory using
thermodynamic perturbation (TP). This approach was initially
proposed by Gao and Xia'>*° in the study of the hydration free
energy through QM/MM MC simulations, and by Muller and
Warshel’” and Bentzien et al.”® to determine the free energy
barrier for chemical reactions in solution or in enzyme through
QM/MM MD simulations, which was named the para-
dynamics method later.””** Then, Dybeck et al.*" incorporated
the dual-Hamiltonian framework with multistate Bennett
acceptance ratio (MBAR) analysis** to calculate the solvation
free energy difference between ethane and methanol. Very
recently, Mei and coworkers*”** introduced weighted
thermodynamic perturbation (wTP) analysis with MBAR to
calculate the free energy profile of solution reactions. The
similarity between two levels of Hamiltonians of quantum
chemistry (QC) decides the success of TP correction.
However, for a large QM system, the overlap of phase space
at different QC levels might be small and lead to failure of this
reweighting method. The reliability of TP calculations can be
improved by reaction pathway force matching to calibrate the
lower-level QM model* or reoptimizing the parameters in the
lower-level Hamiltonian against the higher-level Hamiltonian
to reproduce the energetic and structural properties.**~*

In the dual-Hamiltonian methods, the two Hamiltonians are
generally at different QC levels, for instance, density functional
theory (DFT) for the higher-level and semiempirical QM
(SQM) for the lower-level. How about using the same QC
level (DFT, for example) but with different electrostatic
embedding schemes (ME and EE schemes)? In this case, the
consistency between the reference and target Hamiltonians
might be enhanced compared with two different QC levels. In
the ME scheme, the energies and forces within the QM system
are independent of the MM environment, so we can take
advantage of this feature to construct NN for the QM PES
with a reasonably small number of input nodes to accelerate
the ai-QM/MM-MD simulations.

Before using this method, one should be aware of and make
up for the main drawbacks of ME. First, the charges of QM
atoms are usually fixed in ME, which is a rough approximation
since the charge density in the QM region changes significantly
during a reaction. One solution is to update the point charges
for the QM region atoms with the structure changing.l’35 The
self-consistent mechanic embedding approach has demon-
strated that the ME scheme with updated charges can also
capture the structural and energetic aspects of the enzyme
reactions accurately compared with the EE scheme.’’™>* In the
traditional approach, the derivation of charges requires
electronic structure calculations. Fortunately, ML can also be
employed to learn the charges as well as energies and forces,
which can save computational cost dramatically. The second
drawback is that ME ignores the polarization between the QM
and MM regions. If the polarization is small, the simple ME is
capable to model the reaction satisfactorily.’*>>** Also, the
polarization effects of the MM environment are always
decreasing with the increment of the QM region size. The
QM region size convergence has been extensively studied and

https://doi.org/10.1021/acs.jctc.2c01131
J. Chem. Theory Comput. 2023, 19, 1157-1169


pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.2c01131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

compared between EE and ME.”>~*° Normally, electrostatic
embedding leads to faster and more reliable convergence of the
QM size. Mechanical embedding, which results in slow
convergence, finally can converge to the same energy as EE.
That is, the QM system must be large enough to assure that its
calculated charge distribution of ME is converged with respect
to the location of the QM/MM boundary. However, larger
systems mean more efforts and computational costs.
Furthermore, it is worth mentioning that the EE scheme is
not always superior to ME because EE exaggerates the
polarized char_%es of the QM system, while MM is not
polarizable.ss_’ In this work, to save the computational
demands, we still choose a small QM system. The defect of a
small QM region in ME can be remedied later by
thermodynamic perturbation.

In this work, we aimed to develop a robust and simple
protocol to train the QM potential by an EANN approach and
to deal with the QM/MM electrostatic coupling in the ME
scheme, named reweighting ME EANN method. The method
contains three steps: first, the QM potential and charges are
trained by EANN approach; then, the MD simulations are
performed on this EANN/MM PES in the ME scheme to
obtain the free energy profiles; finally, a reweighting is applied
to correct the energy profiles from the ME to EE scheme. An
uncertainty-driven active learning strategy®"®* is employed to
generate training data for EANN efficiently. Our model usually
requires less training data and shows better extrapolation
capabilities than the EE models. This may be crucial for
enzyme reactions with a large QM region, which is hard to
enumerate all conformations in the training set. The main
weakness of the ME scheme that it ignores the polarization of
MM atoms on the QM atoms is corrected in the last step of
our method.

Our method is easy to be realized through an interface with
an Amber package,”’ and we have applied this approach to
solution reactions. Furthermore, the PES fitting only needs
information about QM regions so the fitted PES can be applied
to various MM environments, which is useful in future research
on enzyme variant reactions. In the following, we start by
introducing our methodology for constructing the neural-
network potential in section 2 followed by the details of the
data training and free energy simulations in section 3. Results
and discussions are presented in sections 4 and 5 individually,
and conclusions are made in section 6.

2. THEORY AND METHOD

2.1. Energy and Forces in the Mechanic Embedding
Scheme. A QM/MM system is divided into QM and MM
subsystems, and its potential energy can be calculated under
Born—Oppenheimer approximation as follows:

Epotential ( 1 )
which contains three parts: (i) the quantum mechanical energy
of the QM region, (ii) the molecular mechanical energy of the
MM region, and (iii) the interactions between QM and MM
regions. The MM energy and QM/MM interactions can be
further divided into bonded, van der Waals (vdW), and
electrostatic interactions:

= EQM + Eyum + EQM/MM

bonded vdW elec

Evvi = Emm + Emm + Evm
bonded vdw |
EQM/MM = EQ;/?/TV[M + EQM/MM + Ea;;/MM (2)
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The bonded, vdW, and MM electrostatic energies are
normally computed using classical force fields. The remaining
parts of the total potential energy are the QM energy and QM/
MM electrostatic interactions, which are treated together and
named QM-MM electrostatics in this work:

elec elec

Eonv-mm = Equm + Equi/vm (3)

In the electrostatic embedding (EE) scheme, the effective
QM Hamiltonian H. is employed to calculate QM-MM
electrostatics:

Zy, q(r)
Hg=Hg + ), |—— - [ L—ar
y IR; — R| Ir' — R}l 4)
ESEZEJM = (wlH gly)
Zlq]
= (ylH, ly) + (yl —
(WiHgly) + (y 2}: (lRi mry
qp(r') )
Ir" — R (s)
in which Hy,, is the Hamiltonian of the QM subsystem in the

gas phase, Z; and R, are the charge and position of QM nucleus
i, respectively, q; and R; are the charge and position of MM
atom j, respectively, and p(r’) is the electron density of QM
system at position r'. The wave function y is the eigenfunction
of H.¢ and depends not only on the positions of the QM nuclei
but also on the charges and positions of MM atoms, which
makes it complex to construct a PES for QM atoms in the EE
scheme.

In the mechanic embedding (ME) scheme, the QM atoms
are not polarized by the MM atoms, and the QM-MM
electrostatics are calculated as:

Qg

E elec, ME
QM-MM

)
ij

(6)
Wgus is the eigenfunction of Hy,, and Eg,, depends on the
coordinates of QM atoms only. R; is the distance between QM
atom i and MM atom j. In this work, Q; is the point charge
fitted from the electrostatic potential (ESP)**®* for QM atom
i, which is varying with the positions of QM atoms in our
method. The force with respect to atomic coordinate q; is then
calculated as:

Q4.

- =

= (g, JHylyr, ) + Z %,
i,j

a
Felec,_ME - _ Eelec,_ME
QM-MM da QM-MM
— _<l// |aHgash// > _ d z Qiqj
w5 g, B ga | < R,
] y

(7)

The first term is obtained by the quantum chemistry
package. The second term is the electrostatic forces between
the point charges, and only the usual derivative of Coulomb’s
law is considered when using fixed atomic charges. However, it
is important to take into account the coordinate dependence of
the QM atomic charges Q;. Therefore, the electrostatic force
includes two parts:
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ij
z R, z Qq’ ooy,

ij Y i)j

_9
ooy,

;5%
Ri]- ooy,

(8)

Let us define the electrostatic potential of MM charges on
QM atom i as ¢ = Z
be calculated as:

o] oR
2 |2 Qa7 Z
= 1 ] 1

> R; Iy ooy, da )
Since the QM charges are independent of the MM

environment in the ME scheme, the second term of eq 9 is
zero if a; is a MM coordinate.

K and then the electrostatic force can

_9
ooy,

? is the gradient of the QM point charge, which cannot be
;.

derived analytically from the electronic configuration calcu-
lations directly. The finite difference is an approach to obtain
the gradient but is very costly. Therefore, the charges of QM
atoms are usually fixed in ME to save computational time,
which then might cause a large deviation. In our method, QM
point charge is a function of QM coordinates through NN
fitting, so its gradient can be obtained analytically. Considering
the QM charge gradient can compensate for the part of the
drawback of the ME scheme. The results in the ME scheme
will be further corrected to the EE scheme by a wTP later in
this work.

2.2. QM PES and Charge Surface. E,,; and Q; in the
above section are dependent on QM coordinates only and will
be trained in advance to save expensive ab initio calculations
during ai-QM/MM-MD simulations. Constructing an accurate
PES should meet two requirements: (i) enough ab initio points
in the configuration space and (ii) a proper mathematical form
to relate the molecular configurations and potential energies.

Here, we employ the uncertainty-driven active learning
strategy proposed by Jiang et al.>"* to learn the PES. We first
map out the minimum energy path (MEP) in the gas phase
and choose configurations along the path as seed points, which
are used to get more configurations by random displacements.
Ab initio calculations are performed on these points, which are
then used to train two independent NN models. Where the
difference between the two PESs is large, more samples are
required. The weighted negative of the squared difference
surface (weighted NSDS) between the two NN PESs is used to
quickly search in the uncertainty space and is defined as:

F(x) = =w(y, 3,) 0y (%) = 3 (x))* (10)

where y, and y, are the outputs of two NN models and x
denotes the collective atomic coordinates. w is the weighted
function, which can guide the data selection more biased in the
important region. In our work, the most important region is
where the QM/MM-MD simulation could access. Therefore,
we should consider not only the low-energy region but also the
transition state. The points close to the MEP are important, so
we define the weighted function as:

o @ - y(E))" + ()
2

- (&)

w(y, 3,) = exp|—

(11)
£, is the reaction coordinate of the coordinate x, y(&,) is the
energy at £, on the MEP, and «a is an adjustable parameter.
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Local minima found on the weighted NSDS are added to the
training set if they fulfill the geometric and energetic criteria.
Then, new iteration begins until the PES achieves
convergence.”>”

For an N-atom system, the total energy of the system is
normally calculated as the sum over all individual atomic
energy contributions, which are expressed by a separate NN for
each atom. In this work, the embedded atom neural network
(EANN)*** is employed to construct the PES. The atomic
energy is related to the embedded Gaussian-type orbital-based
density vector p' by element-dependent neural networks:

N N
E= Y 5= YNNG
i=1 i=1

(12)
The component of density vector p' is defined as:
2
e T
j— N a,rg
pL,(l,rS - l 'l 'l Z ]wlll(ij)
id == (13)

where r;; represents the vector from atom j to atom i, ¢; is the
expanswn coeflicient of an orbital of atom j, a and 1y are
predefined parameters to determine the radial distribution of
orbits, and I, + I, + I, = L specifies the orbital angular
momentum L. The orbit ¢ is defined as:

a,r,

o) = xbybztexp(—alr — r?)

(14)
where r is the norm of r; and x, y, z are the coordinate
components of r;. For more details, please refer to Jiang et al.’s
paper.””

The point charge surfaces are constructed after the PES is
complete. For each configuration used in the PES constructing,
its partial charges are first derived from the electrostatic
potential of QM atoms and then fitted to a smooth surface by
EANN for each element individually. The scheme to calculate
the total electrostatic energy is illustrated in Figure 1. Forces
and charge gradients are calculated as the first derivative of the
EANN functions of energies and charges, respectively.

Symmetry Atomic Atomic
Functions NNs Energies/Charges
NN, E,
NNEE: Ez S Eqm
NNEV ) /
elec
Flol
NN, o) 7
o) f
N_NQ2 0, i E(e)l;{CMM /
NN, >——(0y / /

¥ elec
>y > | By

Force Field

Figure 1. Scheme of neural network (NN) potential employed in the
mechanical embedding scheme to calculate the total electrostatic
energy in a QM/MM system. N is the total number of QM atoms, R;
is the coordinates for QM atom i, G; is the symmetry function used as
an input layer of NN, NNg; and EE; are the atomic NN for energy
and charge respectively, gy is the charges for MM atoms, and E; and
Q; are the energy and charge for atom i, respectively.
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2.3. Procedure for the Reweighting ME EANN
Scheme. In our method, a three-step procedure is employed
to obtain the free energy profile of a reaction with EANN/MM
potentials as follows:

(1) A bunch of configurations are selected as seed points
from the minimum energy path for the reaction of the
QM subsystem, and more configurations are chosen by
random displacements deviating from the seeds. The
energies, forces, and point charges of those config-
urations are calculated in the gas phase by Gaussian 16
software.® Then, we construct the PES with the initial
database for the QM subsystem by the EANN
approach.””*® The uncertainty-driven active learning
strategy"®” is employed to add points in the uncertain
region iteratively until the PES is convergent. Then, the
partial charges are fitted using the same database for the
PES construction.

Then, MD simulations are performed on the EANN-
predicted PES and the partial charge surface. With
umbrella sampling®”®® and MBAR analysis,**** we
obtain the potential of mean force (PMF) along the
reaction path in the ME scheme Fy, and the unbiased
MBAR weight for each sample.

Finally, the wTIP is employed to reweight the PMF of
the ME to the EE scheme. The final FE profile Fg is
calculated as:

Fgg(n) = Rye(n) + AF(n) (15)

For a certain histogram bin 7, the free energy
difference AF between the two schemes can be
calculated as:

()

3)

N
P

wy(x,)8(n(i) — no)g‘/’[UEE&f)—lL\AE(xl')]
Z )3 (0) — )

AF(y,) = —/17 In

(16)
in which # = 1/kyT is the inverse temperature, N is the
total number of samples, #7(i) is the histogram bin that
the ith configuration belongs to, x; is the collection of
coordinates for configuration i, Ugg and Upg are the
total QM/MM energy in the EE and ME schemes,
respectively, and wyg(x;) is the unbiased weight of the
sample i in the ME scheme. The free energy profile
corrected by wTP is normally contaminated by statistical
noise inevitably, so a smoothing process is always
required. In our work, Gaussian process regression
(GPR) is employed.

3. COMPUTATIONAL DETAILS

To evaluate our method in the studies of liquid reactions, we
have implemented simulations on two typical chemical
reactions and compared the free energy curves obtained
from QM/MM-MD and EANN/MM-MD simulations. Details
about the classical MD simulations and ai-QM/MM-MD
simulations are presented in the Supporting Information, while
the details of EANN/MM-MD simulations are as follows.
3.1. Construction of PES and Point Charge Surface.
We began with the Sy2 reaction in aqueous solution: CI™ +
CH;ClI" = CICH; + CI7'. The potential energy and point
charge surfaces of the reaction system in the gas phase were
constructed on the B3LYP/6-31G(d) level. Gaussian 16
software was employed for DFT calculations. Eight hundred
twenty seven ab initio points were selected by an uncertainty-
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driven active learning strategy.’”®> All ab initio points were
divided into two sets, namely training (90%) and validation
(10%). The embedded atom neural network’>** procedure
was employed to fit the surfaces. NN structures of 30-20-30-1
and 40-20-30-1 were employed for energy and charge fitting,
respectively.

A similar simulation protocol was used for the dissociation
of tert-butyl chloride (tBCl) in water: +-Bu-Cl — t-Bu* + CI".
The potential and point charge surfaces for the reaction system
in the gas phase were constructed on the B3LYP/6-31+G(d)
level. Four thousand seven hundred points were randomly
selected as the training set, while 523 configurations belong to
the validation set. The same NN structures used in the Sy2
reaction were employed for the energy and charge fitting.

3.2. Calculation of Free Energy Curves. For the Sy2
reaction of CI” + CH;Cl" — CICH; + CI7’ in water, the
reaction coordinate was chosen as { = d¢.cy — dc.cp, in which
Cl' is the leaving atom. Sixteen windows centering from
reaction coordinates of —2.6—0.0 A were used in umbrella
sampling. The symmetry was used to obtain a full PMF curve.
The force constants of the bias restraint were set ranging from
25 to 50 kecal mol™" A% The EANN/MM-MD simulation for
each window was performed at 300 K for 1 ns with a time step
of 1 fs through an interface developed by ourselves with
Amber.”> An Amber99SB force field”””° was employed for
MM atoms. Long-range electrostatic interactions were treated
with a Particle Mesh Ewald (PME)”"”> method, and 12 A
cutoff was used for both PME and van der Waals (vdW)
interactions. MBAR analysis*>** was employed to calculate the
free energy curve and wTP corrections. We also studied this
Sx2 reaction in methanol on the same PES with the same
protocol.

For the dissociation reaction of tBCl, the C—Cl distance was
used as the reaction coordinate. Sixteen windows have been
chosen from 1.6 to 3.8 A. The force constants of the bias
restraint were set at k = 70 kcal mol™! A= NVT EANN/MM-
MD simulation (500 ps) was performed for each window at
300 K. For the simulations of all the reactions, the
configurations were saved every 0.1 ps.

4. RESULTS

4.1. Identity Sy2 Reaction in Water: CI~ + CH;Cl' —
CICH; + CI7'. S\2 reactions are an elemental process of
chemistry. The methyl transfer reaction of the methyl
chlorine—chlorine ion system (MeCl) has been extensively
studied both experimentally and theoretically,”~"" which is a
suitable example to test our implementation and computa-
tional protocol. We first conducted B3LYP/6-31G(d) QM/
MM-MD simulation in the EE scheme to get the free energy
profile F, . which was then used as a reference to test our
method. The calculated reaction barrier is 22.0 + 0.2 kcal/mol.

In the initialization step of our protocol, two EANNs were
constructed respectively to predict the QM potential and point
charges of any configuration during the reaction. Eight
hundred twenty seven ab initio calculations were performed
at the B3LYP/6-31g(d) level in the gas phase, with the
energies varying in the range of 20 kcal/mol. The energy
distribution of fitting error is shown in Figure 2. It is obvious
that the errors for most points are smaller than 10 mkcal/mol,
indicating a high-precision fitting result. As listed in Table 1,
the RMSEs on the training set are only 2 mkcal/mol, 10
mkcal/mol/A, and 0.01 e for the total energy, force, and
charge, respectively, while the RMSEs on the validation set are
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Figure 2. Fitting errors of ab initio points of relative potential energy
for the S\2 reaction of CI™ + CH;Cl’ — CICH; + CI™".

Table 1. Root-Mean-Squared Errors of Training, Validation,
and Testing Sets for the Sy2 Reaction of CI” + CH;Cl' —
CICH; + CI'“

procedure  energy (mkcal/mol) force (mkcal/mol/A) charge (107° ¢)
training 2.37 15.09 5.58
validation 3.63 38.30 8.28
testingl 5.47 53.56 10.16
testing2 6.46 64.73 10.26

“Testingl and testing2 consist of the configurations randomly chosen
from EANN/MM-MD simulations in water and methanol,
respectively.

only a little higher, which shows the high quality of the current
EANN PES.

The free energy barrier of 1 ns EANN/MM-MD simulations
was estimated as 25.7 kcal/mol, which is 3.7 kcal/mol higher
than the reference value of QM/MM-MD simulations. The
configurations saved every 0.1 ps were used in the wTP
correction. Following the procedure in step 3, the reweighted
energy barrier is 22.2 + 0.3 kcal/mol, which reliably
reproduces the free energy profile F, as illustrated in Figure
3a. To test the convergence of the reweighted EANN FE
profile, we calculated the free energy curves with different
simulation times and time intervals for sampling harvesting in
the wTP correction. As illustrated in Figure 3b, 500 ps MD
simulations are long sufficient. Generally, the more samples
used in reweighting, the more reliable the results are. However,
the computational cost is increasing with the sample size.

Compared with 0.1 ps harvested time, 0.5 ps harvested time is
enough to make the free energy curve converge to within 0.2
kcal/mol as shown in Figure 3b and Table 2, which can save 80
percent of the reweighting time.

Table 2. Free Energy Barriers (in kcal/mol) for the Three
Reactions”

reweighting scheme with different
harvested times

reaction 0.1 ps 0.5 ps 1 ps B3LYP
Sx2 in H,O 222 + 0.2 22.0 £ 0.3 222 + 04 22.0 £ 0.2
Sy2 in MeOH 21.7 £ 0.2 21.6 £ 0.2 21.7 £ 04 212 £ 02
Syl 202 + 0.2 204 + 0.3 20.6 + 0.3 199 + 0.1

“B3LYP refers to the barrier directly obtained from B3LYP/MM-MD
simulation in the EE scheme.

4.2. Identity Sy2 Reaction in Methanol: CI~ + CH,CI’
— CICH; + CI™’. Our QM PES is constructed in the gas phase
without the effect of the MM environment, which is measured
as classical electrostatic interaction between QM partial
charges and MM atoms in the ME scheme. So practically,
the PES can be applied to various MM environments. To
prove this point, we used the same PES and scheme to study
the above Sy2 reactions in methanol. After B3LYP/MM-MD
simulations, the free energy barrier is 21.2 + 0.2 kcal/mol,
which is 1 kcal/mol lower than that in water. This is caused by
the decreased solvent electronic polarization of methanol.*”*"

Figure 4a illustrates that, with 500 ps EANN/MM-MD
simulations, the free energy barrier is 4.5 kcal/mol higher than
that from the QM/MM FE profile. After the wTP correction
with a harvested time of 0.1 ps, the barrier is only 0.5 kcal/mol
higher than that of the reference value, which confirms the
robustness of this PES. We tested the convergence of different
harvested times and found that 0.5 ps is enough to make the
free energy curve converge to within 0.1 kcal/mol as shown in
Figure 4b and Table 2.

4.3. Sy1 Fragmentation of tert-Butyl Chloride in
Water. The Syl ionization reaction in solution represents
one of the important reaction classes in organic chemistry, in
which the solvent plays an indispensable role. The dissociation
of tert-butyl chloride (tBCl) is a prototype of the Syl
ionization reaction, and its nature has been one subject of
manifold studies.** ™% In this work, we focused on the
fragmentation of tBCl into a pair of ions: #-Bu-Cl — +-Bu" +

40 25
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Figure 3. (a) Reweighted FE profile for the Sy2 reaction of ClI” + CH;Cl’ — CICH; + Cl™’ in water calculated by the wTP calculations as well as
the FE profiles obtained directly in the EE and ME schemes. The 95% confidence intervals are also presented. (b) The reweighted FE profiles with
1 ns simulation time and different harvested times 0.1, 0.5, and 1 ps, as well as the one with 500 ps simulation time and 0.1 ps® time interval.
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Figure 4. (a) Reweighted FE profile for the Sy2 reaction of Cl~ + CH;Cl’ - CICH; + CI™ in methanol calculated by the wTP calculations as well
as the FE profiles obtained directly in the EE and ME schemes. The 95% confidence intervals are also presented. (b) The reweighted free energy
profiles with 500 ps simulation time and different harvested times 0.1, 0.5, and 1 ps.

CI”, which is also the rate-determining step. At the beginning,
we conducted B3LYP/6-31+G(d) QM/MM-MD simulations
to get the free energy curve as a reference. The calculated
reaction barrier is 19.9 + 0.1 kcal/mol when the C—CI
distance elongates to 3.3 A in good agreement with the
experimentally derived value of 19.5 kcal/mol.*”*

In the first stage of our method, the database for EANN
training was constructed with 5223 ab initio points in the gas
phase in the energy range of 90 kcal/mol. The energy
distribution of fitting error is shown in Figure S. The errors for

Fitting Error (kcal/mol)

100
Potential Energy (kcal/mol)

Figure S. Fitting errors of ab initio points of relative potential energy
for the Syl fragmentation of tert-butyl chloride.

most points are less than 0.5 kcal/mol, indicating a good
agreement between the fitted and ab initio energies. As shown
in Table 3, The RMSEs of charge for the training set and
validation set are smaller than 0.05 e. The corresponding
RMSEs of force are about 1 kcal/mol.

The constructed EANN was employed to perform MD
simulations, and the free energy barrier was estimated as 26.8

Table 3. Root-Mean-Squared Errors of Training, Validation,
and Testing Sets for the Sy1 Fragmentation of tert-Butyl
Chloride”

procedure  energy (mkcal/mol) force (mkcal/mol/A) charge (107° ¢)
training 351.19 1199.07 40.78
validation 459.70 1364.37 47.35
testing 524.89 1472.07 51.47

“Testing set consists of the configurations randomly chosen from
EANN/MM-MD simulations.
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kcal/mol in the ME scheme. Then, the wTP correction
decreases the free energy barrier to 20.2 & 0.3 kcal/mol, which
is only 0.3 kcal/mol higher than that from the QM/MM FE
profile as illustrated in Figure 6a. Furthermore, the
convergence tests show that 0.5 ps is enough to make the
FE barrier converge to within 0.2 kcal/mol as shown in Figure
6b and Table 2.

4.4, Computational Expense. All the calculations were
performed on the Intel Xeon CPU ES5-2680 2.50 GHz with 24
cores. A comparison of wall-clock times between B3LYP/MM-
MD and reweighting EANN/MM-MD is listed in Tables 4—6.
Because B3LYP/MM-MD simulation is expensive, its simu-
lation time is much shorter than that of EANN/MM-MD. To
make a direct comparison, we scaled all the simulation times to
500 ps.

In our method, the wall-clock time contains three main
parts: (i) the time used in ab initio calculations for PES
construction, (ii) the time for EANN/MM-MD simulations,
(iii) and the time for single-point energy calculations at the
B3LYP level in the wTP correction. The two QM subsystems
studied in this work are both small with only 6 or 14 atoms,
respectively. Therefore, only hundreds or thousands of single-
point calculations were required in the construction of PES,
which only accounts for a small amount of total time. In the
reweighting stage, the samples for the single-point calculations
were taken from EANN/MM-MD trajectories at regular
intervals, so the wall-clock time depended on the harvested
time. The convergence tests demonstrated that 0.5 ps
harvested time is frequent enough, which means that the
wTP correction needs only 0.5% of the time used in a regular
QM/MM-MD. The bottleneck of the whole procedure exists
in the EANN/MM MD simulations. Since the EANN/MM
calculations scale at a lower rate with respect to the size of the
QM subsystem than B3LYP/MM, the efficiency enhancement
will be greater for larger QM subsystems. Overall, our method
can enhance the efficiency by about 30—40-fold for the MeCl
system, and 63-fold for the tBCl system.

5. DISCUSSIONS

The most direct way to assess our indirect free energy
simulations is to compare the free energy curves and barriers
with those obtained by ai-QM/MM-MD simulations. Figures
3, 4, and 6 together with Tables 4—6 illustrate that our ME
EANN/MM-MD is a practicable approach to accelerate the ai-
QM/MM-MD simulations with high efficiency and accuracy.
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simulation time and different harvested times 0.1, 0.5, and 1 ps.

Table 4. Estimated Wall-Clock Times in Units of Hours for
the Computations of the Free Energy Profiles for the Sy2
Reaction of CI” + CH;Cl’ — CICH; + CI™’ in Water

wall-clock relative
method time time
B3LYP/MM 2823 33
reweighting ME EANN/MM  PES 0.3 1
MD 80.2
correction 4.5

Table S. Estimated Wall-Clock Times in Units of Hours for
the Computations of the Free Energy Profiles for the Sy2
Reaction of CI~ + CH,;Cl’ - CICH; + CI”’ in Methanol

wall-clock relative
method time time
B3LYP/MM 2807 40
reweighting ME EANN/MM  PES 0.3 1
MD 65.7
correction 4.4

Table 6. Estimated Wall-Clock Times in Units of Hours for
the Computation of the Free Energy Profiles for the Syl
Fragmentation of tert-Butyl Chloride

wall-clock relative
method time time
B3LYP/MM 8133 63
reweighting ME EANN/MM PES 4.0 1
MD 111.2
correction 13.0

In our method, obtaining reliable FE curves requires not only a
high-accuracy PESs in the ME scheme but also a reliable wTP
correction between the ME and EE schemes, which will be
discussed in detail, respectively.

5.1. Feature of the ME EANN PESs. In this work, the QM
PESs were generated before MD simulations by EANN in the
ME scheme and then applied without further modification,
which is named “offline-trained” ML potentials.*” Compared
with the “online-trained” ML potentials, our QM PESs were
designed to globally cover the configuration space relevant to
the reaction region and were applicable to various MM
environments. For instance, the PES of MeCl was constructed
in the gas phase and has been successfully applied to the Sy2
reaction in both water and methanol in this work. This feature
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is advantageous in the studies of enzyme reactions. If the PES
for the reactive site of an enzyme is carefully constructed, it can
be applied to its variants, or even to different enzymes with the
same active site, which can save a lot of efforts in the PES
construction.

The uncertainty-driven active learning strategy guarantees
the trained PES to cover the reaction dynamics related
configuration space as much as possible. To further check the
convergence of our PESs, we randomly selected 16,000 points
from the trajectories of MD simulations as the testing sets.
Their RMSEs are listed in Tables 1 and 3 for MeCl and tBCl
systems, respectively, and are only a litter larger than those of
validation data, which indicates the reliability of the PESs. To
further improve the quality of the PES, the configurations of
the QM subsystem outside the boundary of database during
the MD simulations can be added into the training set to
update the NN PES and repeat MD simulations iteratively.'®
We checked all the configurations of the QM subsystem from
MD simulations. Fortunately, only 0.5—0.8%0 MD samples are
outside the boundary of the database for the three reactions, so
there is no need to rebuild the PES in this work.

To further check the performance of our model in PES
construction, we compared it with the EE mode for the MeCl
system. Shen and coworkers constructed the surfaces for the
potential energy difference between ab initio and semiempirical
QM/MM models in the EE scheme.'” They explored the
performance of QM/MM-NN with different sizes of the
training sets of 380, 570, 760, 1140, and 1520 samples. The
RMSEs of energies over the training sets were all larger than 1
kcal/mol and decreased slightly with the size of training sets.
While our PES only includes the QM region, which has a
smaller configuration space than the EE scheme and shows
slight fitting errors as listed in Table 1. Later, Shen and Yang
employed the PES based on 380 training data points to do
QM/MM MD simulations, and about 28% MD samples were
outside the boundary of the NN database, which means that it
is required to update NN and repeat MD iteratively to get
reliable results.'® While in our model, less than 1%0 MD
samples are outside the boundary, which proves the robustness
of our PES.

5.2. Reliability of the wTP Correction between ME
and EE Schemes. The quality of the wTP correction depends
on the overlap between the sampling spaces of the two
Hamiltonians, which can be characterized by some criteria. In
this work, we studied the smoothness of the FE profile without
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Gaussian process regression (GPR), the distribution of energy
difference (Ugg — Upg), and the reweighting entropy.

A reliable TP-corrected FE curve should be fairly smooth
before GPR. As illustrated in Figure Slab, in the absence of
GPR, the reweighted FE curves are noisy only at the reactant
and product regions for the MeCl system, which might be
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caused by the slow convergence at that tail region of the
biasing potential distribution. Meanwhile, the reweighted FE
curves are smoother for the tBCl system as shown in Figure
Slc. The FE curves become smoother with increased sampling
frequency as illustrated in Figure S1, which means that this
noise can be reduced by adding more samples.
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The distribution of energy differences (Ugy — Upg) as
suggested”””" is illustrated in Figure 7. For the MeCl system,
the energy distributions have a standard deviation (o) of 3.0
and 2.9 kcal/mol in water and methanol, respectively. For the
tBCI system, the standard deviation is only 2.1 kcal/mol. The
wider distributions of the MeCl system will lead to slower
convergence of the calculated free energy changes compared
with the tBCl system. It was recommended by Boresch and
Woodcock™ that ¢ should be lower than 2.4 kcal/mol for
reliable TP calculations. The larger ¢ of the MeCl system
might be caused by the intense noise in the reactant and
product regions as shown in Figure Sla,b.

Last, reweighting entropy should be large enough,”” and a
threshold of 0.2 was recommended for the solvent reactions.”
As shown in Figure 8, the overall reweighting entropies are
large enough to yield reliable results with all the values higher
than 0.2 for all the bins along the reaction pathway. While in
the reactant region of the MeCl system, the entropy is much
smaller compared with other regions, which means that the
overlap of the sampling space is smaller in the reactant region.
This finding corresponds with the intense noise of FE curves in
that region as illustrated in Figure S1. The properties of the
criteria are consistent and demonstrate that the overlap is
sufficient on the whole between the Hamiltonians of EANN/
MM in the ME scheme and B3LYP/MM in the EE scheme,
which indicates the TP correction is practicable in our
approach. It is also suggested that more samples might be
required in the reactant or product region of the MeCl systems
to increase the convergence of the wIP correction. However,
since the reweighted FE curves already well reproduced those
obtained directly in the EE scheme at the B3LYP level, we did
not make additional efforts in this aspect.

6. CONCLUSIONS

In this work, to enhance the QM/MM-MD simulation
efficiency, we developed a reweighting scheme combined
with the EANN PES. In this scheme, two EANN models were
generated to predict the energies and partial charges for the
QM atoms in the gas phase. Then, the MD simulations were
carried out on the EANN-predicted potentials and charges
with the QM/MM electrostatic interactions handled in the ME
scheme. Finally, the FE profile obtained in the ME scheme was
reweighted to the EE scheme by the wTP method.

This method was tested by two reactions in water and one in
methanol. The reweighted FE profiles with GPR smoothing
reproduced the FE barriers of B3LYP/MM-MD simulations
within 0.5 kcal/mol. The smoothness of raw TP-corrected FE
profiles, the reweighting entropies, and the distribution of
energy differences proved the reliability of our reweighting
scheme. Compared with B3LYP/MM-MD simulations, our
method can speed up the computation by 30—60-fold for the
three reactions. Our strategy is simple and easy to implement
through an interface with Amber without any reparameteriza-
tion process. Especially in the ME scheme, the PES is
constructed in the gas phase and can be applied to various
environments. The successful simulations of the Sy2 reaction
in water and methanol demonstrated the robustness and
generalizability of our PES and scheme.

Our group has developed a pseudobond QChem-Amber
interface to deal with the covalently-linked QM/MM
subsystems.”* In this approach, any covalent bond formed
between the environment and active site is described by a
pseudobond, and the environment atom of the pseudobond is
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replaced by a Cps atom with one free valence.””"” The Cps
atom is parameterized to make the pseudobond mimic the
original covalent bond with similar bond length and strength,
and also similar effects on the rest of the active site. The Cps
atom and all atoms in the active site form the QM subsystem,
while the rest atoms in the environment form the MM
subsystem. The QM subsystem is then closed-shell and can be
treated by quantum mechanical methods individually. There-
fore, we can construct the potential energy surface for the QM
region as we did in this work. In the future, the reweighting
ME EANN method combined with the pseudobond approach
will be employed in modeling enzyme reactions and their
variants.
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